Abstract. Chloroquine (CQ) has been confirmed to exhibit antitumor effects on different types of cancer cell, but whether it exerts the same effect on acute promyelocytic leukemia (APL) cells remains to be confirmed. In the present study, the effects of various concentrations of CQ on the growth, apoptosis and cell cycle distribution ofNB4 cells, as well as the potential mechanisms underlying these effects, were examined. The combined effect of CQ and arsenic trioxide (ATO) on the growth of NB4 cells was also determined. The results of the present study demonstrated that CQ treatment inhibited cell proliferation, and induced mitochondrial pathway apoptosis and S phase arrest in a dose-dependent manner by regulating apoptosis-and cell cycle-related proteins. CQ and ATO had a synergistic effect on the growth inhibition of NB4 cells, which may have been induced through the inhibition of autophagy. In conclusion, the results of the present study indicated that CQ exhibits a cytotoxic effect on NB4 cells and has a synergistic effect when combined with ATO, which thereby improves the curative effect of ATO on APL.
Introduction
Chloroquine (CQ) is an effective and well-tolerated drug for the treatment of malaria (1) , and is also a useful agent for the treatment of systemic lupus erythematosus and rheumatoid arthritis due to its anti-inflammatory properties (2, 3) . Recently, a number of studies demonstrated that CQ exhibits antitumor activity in different types of cancer cells, including human liver cancer, gallbladder carcinoma, breast cancer and colon cancer cells (4) (5) (6) , and that it is less toxic to non-tumor cells than standard chemotherapy agents (7). However, whether or not CQ exerts the same effect on acute promyelocytic leukemia (APL) cells remains unknown.
Autophagy is an intracellular degradation process that eliminates damaged organelles or proteins through lysosomal activity (8) . Autophagy serves an important role in homeostasis under conditions of cellular stress, including nutrient limitation, hypoxia and chemotherapy (9) . A number of diseases, including cancer, are associated with dysregulated autophagy processes (10) (11) (12) . However, the role of autophagy in tumors is very complex and is suggested to have both pro-death and pro-survival effects in different types of cancer (13) . As tumor cells proliferate rapidly, the relative deficiency of nutrients and oxygen shifts the metabolic pathway of cancer cells from aerobic oxidation towards glycolysis (14) , and autophagy may serve as an alternative source of energy for cancer cell survival (15). However, autophagy also leads to programmed cell death, which may induce anticancer effects (16) . A previous study demonstrated that high basal autophagy levels were a potential mechanism of resistance to cell death in APL cell lines (17) , indicating that autophagy promotes survival and that autophagy inhibition may serve an antitumor role in APL cells.
CQ is an inhibitor of late-stage autophagy, which takes effect after autophagosomes have already formed (18, 19) . Based on the results of the aforementioned studies, we hypothesized that CQ may inhibit autophagy and exert anticancer effects on APL NB4 cells. Arsenic trioxide (ATO) is an anticancer drug used for the treatment of APL. However, ATO also induces autophagy in APL cells, which may weaken its antitumor activity (20) . The addition of CQ may compensate for this defect to enhance the effect of ATO. In the present study, the effect of CQ on the growth, apoptosis and cell cycle distribution of NB4 cells was investigated. In addition, the combined effect of CQ and ATO on the growth of NB4 cells was also determined.
Materials and methods
Cell lines, cell culture and reagents. NB4 cells were obtained from the Third Affiliated Hospital of Sun Yat-sen University (Guangzhou, China). The cells were maintained in RPMI-1640 medium containing 10% fetal bovine serum (both from Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) in a 37˚C incubator containing 5% CO 2 . CQ and ATO were purchased from Sigma-Aldrich; Merck KGaA (Darmstadt, Germany). CQ was prepared as a 0.1 M stock solution in dimethyl sulfoxide. ATO stock solution was made at a concentration of 1 mM with normal saline. Stock solutions were diluted to working concentrations for use.
Cell proliferation assay. The cytotoxicity of CQ and ATO on NB4 cells was determined using an MTS assay (Promega Corporation, Madison, WI, USA), as previously described (21) . A total of 10 4 NB4 cells were cultured in each well of a 96-well plate and were treated with various concentrations of CQ for 48 or 72 h. Than 20 µl MTS was added and the absorbance at 490 nm was measured using a microplate reader (Thermo Fisher Scientific, Inc.) after a 3-h incubation. The inhibition rate of cell proliferation was calculated using the following formula: [1 -(OD of experimental well/OD of control)] x 100%.
The potential synergy between CQ and ATO was evaluated according to the following formula (21):
Where E (CQ+ATO) , E (CQ) Cell cycle analysis. Following a 48 h incubation with CQ, cells were harvested, washed twice with cold PBS and fixed in cold 70% ethanol at 4˚C for 24 h. The cells were then centrifuged at a speed of 1,000 x g at 4˚C for 5 min. The fixed cells were resuspended in PBS containing 50 mg/ml PI, 100 mg/ml RNase and 0.2% Triton X-100 (both from Sigma-Aldrich; Merck KGaA) at 37˚C for 15 min. The cell cycle profiles of the treated cells were subsequently analyzed using a flow cytometer (Beckman Coulter, Inc.). The percentage of cells in each phase of the cell cycle was determined using Modfit LT software (version 3.2; Verity Software House, Inc., Topsham, ME, USA).
Western blot analysis.
After 48 h of incubation with CQ, ATO or CQ+ATO, the cells were collected and the total cell lysates were prepared with cell lysis buffer (Beyotime Institute of Biotechnology, Haimen, China). Western blot analysis was performed as previously described (21), using rabbit monoclonal antibodies against B-cell lymphoma 2 (Bcl-2; cat. no. 2872S), Bcl-2-like protein X (Bax; cat. no. 5023S), Bcl-2-like protein 11 (Bim; cat. no. 2933S), myeloid cell leukemia 1 (Mcl-1; cat. no. 39224S), cleaved caspase-9 (cat. no. 20750S), cleaved caspase-3 (cat. no. 9661S), cell division cycle 25A (CDC25A) (cat. no. 3652S), cyclin-dependent kinase 2 (CDK2) (cat. no. 2546S), cyclin A, light chain 3B (LC3B; cat. no. 2775S), p62 (cat. no. 39749S) and GAPDH (cat. no. 2118S) (all diluted to 1:1,000; Cell Signaling Technology, Inc., Danvers, MA, USA), followed by incubation with a IRDye ® 680RD conjugated goat anti-rabbit IgG secondary antibody (1:20,000, cat. no. P/N 926-68071; LI-COR Biosciences, Lincoln, NE, USA) at room temperature for 2 h in the dark. The bands were then detected using the Odyssey ® CLx Infrared Imaging System (LI-COR Biosciences).
Statistical analysis. The data are presented as the mean ± standard deviation. Comparison between two groups was performed using a two-tailed Student's t-test, and pairwise multiple comparisons among the groups were performed using a one-way analysis of variance test together with the Student-Newman-Keuls method with SPSS 16.0 software (SPSS, Inc., Chicago, IL, USA). P<0.05 was considered to indicate a statistically significant difference.
Results

CQ inhibits the proliferation of NB4 cells.
The inhibitory effect of CQ on NB4 cell proliferation was measured using an MTS assay. NB4 cells were exposed to 0, 5, 10, 25, 50 and 100 µM CQ for 48 and 72 h, respectively, followed by an MTS assay. As demonstrated in Fig. 1 , the proliferation of NB4 cells decreased significantly with CQ treatment in a time-and dose-dependent manner (P<0.05). The highest inhibition rates observed were 75.88±3.5% at 48 h and 90.32±5.89% at 72 h at a concentration of 100 µM CQ.
CQ induces apoptosis in NB4 cells. Next, the role of apoptosis in the antitumor activity of CQ was assessed. NB4 cells that had been exposed to CQ for 48 h were collected for the apoptosis assay. As demonstrated in Fig. 2A and B , CQ treatment caused a significant increase in the rate of apoptosis (P<0.05), particularly in the rate of late apoptosis, in a dose-dependent manner. The highest proportion of apoptotic (Annexin V-positive) cells was 35.51±2.79% at 100 µM.
To further explore the underlying mechanisms of CQ-induced apoptosis, the effect of CQ on the expression of apoptosis-related proteins was investigated. Increasing concentrations of CQ upregulated the level of cleaved caspase-3, thereby confirming CQ-induced apoptosis. The pro-apoptotic proteins Bax, Bim and cleaved caspase-9 were significantly upregulated, whereas the anti-apoptotic proteins Bcl-2 and Mcl-1 were significantly downregulated in the CQ-treated groups in a dose-dependent manner (P<0.05; Fig. 2C and D) .
CQ induces NB4 cell S phase arrest. The influence of CQ on cell cycle progression was examined in order to illustrate another potential mechanism of its anti-proliferative activity. The effects of various concentrations of CQ on the cell cycle distribution in NB4 cells were determined. As demonstrated in Fig. 3A and B, the population of cells in the S phase was significantly increased (P<0.05), whereas the number of cells in the G 0 /G 1 phase was reduced, following CQ treatment, in a concentration-dependent manner. Treatment of NB4 cells with Since CQ was observed to arrest NB4 cells in the S phase, western blot analysis was subsequently performed in order to evaluate its effect on S phase cell cycle regulators, including CDC25A, CDK2 and cyclin A. The results presented in Fig. 3C and D demonstrate that CDC25A and CDK2 were downregulated, whereas cyclin A was upregulated, following CQ treatment, in a dose-dependent manner.
CQ synergizes with ATO in inhibiting the growth of NB4 cells.
As ATO is a typical drug for the treatment of APL, the combined effect of CQ and ATO was subsequently examined. NB4 cells were exposed to 1 µM ATO and 10 or 25 µM CQ simultaneously for 48 or 72 h. Jin's modified Burgi's formula was used to evaluate the combined effect of ATO and CQ. There was a significant increase in the inhibition rate in the combined treatment groups (P<0.05; Fig. 4 ). As demonstrated in Fig. 4 , the Q values were all >1.15 at 48 and 72 h, indicating a synergistic effect between the two drugs in inhibiting cell proliferation.
CQ regulates ATO-induced autophagy. LC3 and p62 were detected as markers for autophagy using western blot analysis. As demonstrated in Fig. 5A and B, the level of LC3-II was increased, and p62 was decreased, following treatment with ATO alone, indicating that ATO induced autophagy in NB4 cells. CQ upregulated LC3-II and p62 levels, confirming that CQ inhibited autophagy in its later phase. A significant increase in LC3-II and a moderate increase in p62 were observed in the combined treatment group (P<0.05), indicating that CQ inhibited the ATO-induced autophagy in NB4 cells.
Discussion
CQ exerts antitumor effects on a variety of cancer cells; however, whether it has the same effect on the NB4 APL cell line remains unknown. Therefore, the present study was designed to explore the effect of CQ on NB4 cells. The present study indicated that CQ has a potent antitumor effect and functions synergistically with ATO in NB4 cells.
Previous studies have demonstrated that the potential mechanisms for the antitumor effects of CQ may include the inhibition of autophagy (22) , the induction of apoptosis (23, 24) , the elimination of cancer stem cells (25) , the normalization of vasculature (26), the enhancement of the immune response (27) and the arrest of cell cycle progression (22) . The focus of the present study was primarily on the apoptosis, cell cycle distribution and autophagy induced by CQ treatment. CQ treatment was revealed to induce apoptosis, to upregulate the pro-apoptosis proteins Bax and Bim, and to downregulate the anti-apoptosis proteins Bcl-2 and Mcl-1 in a dose-dependent manner. Furthermore, the expression of cleaved caspase-9, an important component of the intrinsic mitochondrial pathway, was also increased. These data are consistent with the results of previous studies (24, 28) . Based on these data, we hypothesized that the mitochondrial apoptotic pathway and members of the Bcl-2 family are involved in the CQ-induced apoptosis of NB4 cells.
CQ has been reported to induce cell cycle alterations in cancer cells, but the specific results have varied for different types of cancer; CQ has been demonstrated to cause G 2 /M cell cycle arrest in breast cancer cells (29) , G 0 /G 1 cell cycle arrest in liver cancer cells (28) , S phase arrest in choriocarcinoma cells (30) and no obvious change in colon cancer cells (22) . The inconsistency in cell cycle alterations may be due to the intrinsic differences between the tumor cell lines. In the present study, CQ treatment induced a significant increase in the number of cells in the S phase and a decrease in the number of cells in the G 0 /G 1 phase in a concentration-dependent manner. S phase arrest accompanied with a decrease in the number of cells in G 0 /G 1 phase following treatment with antitumor drugs has also been reported in a number of other studies (31) (32) (33) , and does not appear to affect the antitumor effect of these drugs. One potential explanation for this is that the inhibition of cell proliferation is associated with cell cycle arrest, but the phase at which the cells are arrested depends on the anticancer drugs and the antitumor cells involved. Tumor cell proliferation relies on the progression from one cell cycle phase to the next; on the introduction of antitumor drugs, the cell cycle progression is disrupted. In the present study, a relatively high number of cells had progressed from the G 0 /G 1 phase to the S phase, whereas relatively fewer cells had progressed from the S phase to the G 2 /M phase, thereby indicating that the cell cycle was blocked at the S phase. The normal growth process was disrupted and cell proliferation was partly suppressed.
Cell cycle regulatory proteins, including cyclins and CDKs, are considered to serve an important role in cell cycle progression (34) . Cyclin A, CDK2 and CDC25A are critical factors associated with the S phase of the cell cycle (35) . CDC25A may activate CDK2, which in turn leads to the activation of the cyclin-CDK complex and causes cell cycle progression (36, 37) . The present study demonstrated that CQ reduced the expression of CDC25A and CDK2, and increased the expression of cyclin A. It was deduced that CQ downregulated CDC25A, suppressing the activation of CDK2, which therefore decreased the formation of the cyclin A-CDK2 complex. The reduced formation of the cyclin-CDK complex arrested the NB4 cells in the S phase. Furthermore, the increased expression of cyclin A may result from the reduced formation of the cyclin-CDK complex.
Despite being a frequently used anticancer agent in APL, ATO may also induce unwanted or fatal side effects, including differentiation syndrome, QT interval prolongation, hepatotoxicity, the incidence of secondary malignancies and damage to the nervous system (38, 39) . In the present study, CQ functioned synergistically with ATO, indicating that a lower dose of ATO is required to achieve the same curative effect when combined with CQ, therefore reducing the risks associated with ATO. As mentioned previously, autophagy may promote survival in NB4 cells (17) . CQ, a widely used autophagy inhibitor, was also confirmed to effectively inhibit the late phase of autophagy in the present study, which may be a possible explanation for the antitumor effect of CQ on NB4 cells. A previous study demonstrated that ATO induces autophagy in NB4 cells and that the suppression of autophagy may enhance its effect (40) . In the present study, the level of autophagy induced by ATO was significantly reduced when used in combination with CQ in NB4 cells, which may explain why CQ functioned synergistically with ATO. Another potential reason for this synergy is that the two drugs exhibit different effects on cell cycle distribution, with CQ inducing S phase arrest, and ATO inducing G 2 /M phase arrest (41) .
Taken together, the results of the present study demonstrated that CQ effectively suppressed the growth of NB4 cells by inducing apoptosis, inducing S phase arrest and inhibiting autophagy. Furthermore, CQ appears to function synergistically with ATO, indicating that the combined use of CQ and ATO maybe a promising approach for future APL therapy. However, the true potential of this treatment option requires further investigation.
